Chemorepulsion by semaphorins plays a critical role during the development of neuronal projections. Although semaphorin-induced chemoattraction has been reported in vitro, the contribution of this activity to axon pathfinding is still unclear. Using genetic and culture models, we provide evidence that both attraction and repulsion by Sema3B, a secreted semaphorin, are critical for the positioning of a major brain commissural projection, the anterior commissure (AC). NrCAM, an immunoglobulin superfamily adhesion molecule of the L1 subfamily, associates with neuropilin-2 and is a component of a receptor complex for Sema3B and Sema3F. Finally, we show that activation of the FAK/Src signaling cascade distinguishes Sema3B-*Correspondence: castellani@cgmc.univ-lyon1.fr 8 These authors contributed equally to this work. mediated attractive from repulsive axonal responses of neurons forming the AC, revealing a mechanism underlying the dual activity of this guidance cue.
Introduction
In organisms with bilateral symmetry, commissural axons projecting across the midline convey information from one side of the nervous system to the other. In the present study, we ask whether Sema3B plays a role in the formation of the AC. First, we generated Sema3b knockout mice and show that their AC is defective. Then, we show that selective attraction and repulsion by Sema3B are required for the proper positioning of ACa and ACp. We also provide insights into the molecular composition of the semaphorin receptors with the finding that NrCAM associates with Nrp2 and contributes to Sema3B-and Sema3F-induced effects. Finally, our data reveal that attractive but not repulsive responses to Sema3B are characterized by the selective membrane recruitment of the focal adhesion kinase (FAK) and critically depend upon activation of the Src kinase family. This identifies signaling mechanisms 
Results

Defects of AC Positioning in Sema3B Null Mice
We generated a Sema3B null mutant by homologous recombination ( Figures 1A-1C , see Experimental Procedures for details). Sema3B homozygous mice were viable and fertile. No obvious morphological differences were seen in sensory projections or in the size and shape of the brain at embryonic, postnatal, or adult stages ( Figure 1D and data not shown). Next, we examined the distribution of Sema3B binding sites in the brain. Incubation of AP-Sema3B on horizontal sections revealed the presence of receptors in both ACa and ACp, suggesting that the AC was an appropriate model for exploring the function of Sema3B in axon guidance ( Figures 1E and 1F) .
We therefore reconstructed the commissural pathway from serial horizontal sections of neonatal Sema3B −/− and control brains. Interestingly in Sema3B null mice, the AC expanded ventrally by 82% (±10%, ten animals) into regions devoid of fibers in wild-type animals (Figure 2A) , showing that Sema3B plays a role in the guidance of AC projections. This expansion corresponded to increases of 67% and 93% in the ACa and ACp pathways, respectively ( Figures 2B and 2C ). An intermediate situation was observed in Sema3b +/− mice, with expansion by 41% (±8%, eight animals), corresponding to increase of 44% and 36% for the ACa and ACp pathways, respectively (Figures 2A-2C ). This revealed a dose-dependent effect of Sema3b in the dorsoventral positioning of the AC.
In addition to expansion, the spatial organization of the AC was altered in Sema3B mutants, as the ACa and ACp no longer grew within the same dorsoventral plane (Figures 2D and 2E) . Moreover, the ACa limb labeled with Nrp2 also showed striking defasciculation, with several roots exiting the cortex at lateral positions and forming exuberant ACa bundles (Figures 2F-2L ). At the midline crossing level, we noticed that Nrp2 labeling was not homogenously distributed on the AC in wildtypes. Differences were particularly prominent for the ACp, with the lateral but not medial segment expressing high levels of Nrp2. Similarly Nrp2 was detected on peripheral but not central fibers at the midline crossing level ( Figure 2M ). In the Sema3B mutants, the Nrp2 expression pattern was similar except that the segregation between Nrp2-positive and -negative fibers at the midline crossing was altered, as illustrated by the presence of Nrp2-positive fibers growing onto Nrp2-negative fibers ( Figure 2N ). Thus, Sema3B regulates the size, shape, and arrangement of AC fibers.
Responses of ACa and ACp Neurons to Sema3F and Sema3B
The defects observed in Sema3b +/− mice are unlike those induced by Sema3F ablation (Sahay et al., 2003) . This could reflect different responses of AC neurons to Sema3B and Sema3F and/or distinct expression patterns. To test the first possibility, collapse assays were performed with dissociated neurons prepared from neonatal brain tissue containing the anterior olfactory nucleus (AON)/anterior piriform cortex (source of the ACa) and posterior piriform cortex (source of the ACp) ( Figure 3A ). As expected, Nrp2 was detected on both ACa and ACp axons ( Figure 3B ). Sema3F treatment increased growth cone collapse from a basal level of 33% to 81% for ACa neurons (p < 0.001) and from 34% to 78% for ACp neurons (p < 0.001). In contrast, 75.5% of ACp growth cones were collapsed (p < 0.001) by Sema3B, whereas ACa growth cones were unaffected (38%, p > 0.05 compared to control; Figure 3C ). This difference could be due to a lack of responsiveness of ACa growth cones to Sema3B but could also reflect attractive rather than repulsive effects of this factor on this population of axons. We examined these possibilities in cocultures of ACa explants with COS7 cell aggregates secreting either Sema3B or Sema3F (Figures 3D and 3E ). Sema3F repelled ACa axons, consistent with its ability to collapse their growth cones. On the contrary, Sema3B attracted ACa axons, showing that this axonal population is also sensitive to the factor. Furthermore, application of Nrp2 antibodies in the culture medium abolished the effect, showing that Nrp2 is required for Sema3B-mediated attraction ( Figures 3D  and 3E ). These findings reveal functional specificities of Sema3B and Sema3F that may explain some of the differences in the phenotypes produced by their inactivation in mice.
Chemoattraction by Sema3B Derived from the SVZ and Positioning of the ACa As noted above, Sema3B and Sema3F might also differ in their expression patterns. To test this possibility, we examined Sema3B and Sema3F expression at rostral levels where ACa axons develop. In situ hybridization on neonatal coronal brain sections revealed the presence of Sema3B but not Sema3F transcripts in the subventricular zone (SVZ) lining the lateral ventricles (Figures 4A-4E) , a major germinal region in the forebrain. We noticed that the ACa was closely apposed to this Sema3B-expressing region. As reported (Sahay et al., 2003) , moderate Sema3F expression was detected in the striatum (data not shown). To investigate semaphorin distribution at the protein level, we examined Nrp2 binding sites in the SVZ in binding experiments on coronal brain sections from Sema3B −/− and wild-type mice with soluble Nrp2-Fc chimera ( Figure 4F ). Nrp2 binding to lateral ventricular walls could be detected in wild-type sections, whereas it was totally abolished in sections from Sema3B null mutants. In binding experiments with a control Fc chimera, no labeling could be detected (data not shown). Thus, Nrp2 binding moieties in this zone are likely to be Sema3B.
Cocultures of SVZ with ACa explants revealed that the SVZ tissue attracts ACa axons (p < 0.01, Figure 4G ). Application of anti-Nrp2 function-blocking antibodies not only abrogated this attraction but unmasked a robust chemorepulsive activity from the SVZ tissue (p < 0.01, Figure 4G) . Similarly, the SVZ of Sema3B null mutants induced chemorepulsion of ACa fibers instead of attraction as observed with SVZ from Sema3B +/+ mice (p < 0.01, Figure 4H ). Given its expression pattern in the SVZ, one might expect that Sema3B not only contributes to dorsoventral but also to mediolateral positioning of the ACa. We therefore examined in further detail the spatial position of the ACa tract. At caudal levels, the ACa was closely apposed to the SVZ in wild-types but was displaced away in the Sema3B mutants. This mispositioning of the ACa is consistent with a loss of chemoattractive influence from the SVZ (Figures 4I  and 4J ).
Regions Controlling the Dorsoventral Position of ACp Fibers
Only a minor contribution of the SVZ to the ACp patterning would be expected, due to its distance from this zone. However, ACp is mispositioned in Sema3B −/− mice. We therefore sought additional sources of Sema3B in closer proximity to the tract. Incubation of brain sections from the level at which the AC crosses the midline with soluble Nrp2-Fc revealed binding sites highly enriched in ventral zones delineating the pathway ( Figure  5A ). In contrast, the Nrp2-Fc binding in this ventral zone was sharply reduced in sections from Sema3B −/− brain, whereas Nrp2-Fc clearly bound to other neighboring regions, such as the entorhinal cortex or the striatum ( Figure 5B ). In situ hybridization at embryonic stage 16 revealed Sema3B expression not only in the SVZ but also at ventral levels ( Figure 5C ). Cocultures of this ventral tissue with ACp explants showed that it secretes chemorepellent for ACp axons ( Figure 5D ). Addition of soluble Nrp2-Fc receptors and Nrp2 function-blocking antibodies could abrogate this activity, demonstrating that it is mediated by Nrp2 (p < 0.001, Figure 5D ). Furthermore, the repulsive guidance activity was abolished in tissue isolated from Sema3B −/− but not Sema3B +/+ mice (p < 0.001, Figure 5D ). Altogether, these data strongly suggest that Sema3B contributes to confer to this ventral tissue its repulsive properties on ACp axons.
Nrp2/NrCAM Complex Formation and Responses to Sema3B and Sema3F
Next we investigated receptor complexes that mediate Sema3B and Sema3F signaling. We showed previously that the IgCAM L1 associates with Nrp1 and is required for the response to Sema3A. Interestingly, multiple Next we examined the binding of Sema3F and Sema3B AP fusion proteins to Nrp2 when expressed alone in COS7 cells, complexed to NrCAM or Plex-A, and in the presence or absence of soluble NrCAM (Figure 6H ). Sema3B and Sema3F efficiently bound to Nrp2, Nrp2/Plex-A, and Nrp2/NrCAM but not to NrCAM when expressed alone. Soluble NrCAM did not abolish Sema3B and Sema3F binding to Nrp2/Plex-A ( Figure  6H ). Thus, NrCAM neither disrupts semaphorin/Nrp2 binding nor prevents Nrp2/Plex-A interaction.
We then examined whether NrCAM is required for ACp responses to Sema3B and Sema3F. Application of anti- Figure 7B ). This suggested that Nrp2 and NrCAM function in a common receptor complex and are required for both the attractive and repulsive activity of Sema3B and Sema3F secreted from endogenous tissue.
Requirement of NrCAM in AC Formation
To determine whether the contribution of NrCAM to axon responses to semaphorins could be observed in vivo, we examined the formation of the AC in NrCAM null mutant mice ). Both ACa and ACp could be detected in these mice. However, in coronal sections, aberrant trajectories were observed with defasciculated fibers growing into ventral territories that were devoid of fibers in wild-types and that we identified as important sources of repulsive semaphorins for AC navigation ( Figure 7D) . Observations of the ACa in horizontal sections also revealed striking disorganization of the tract, with defasciculated and exuberant ACa branches in lateral position to the main fiber tract, a defect that resembled that observed in Sema3B mutant mice ( Figure 7E ). This analysis therefore revealed important similarities to the phenotypic defects of semaphorin/neuropilin mutants ( Figure 7F ).
Membrane Recruitment of FAK/Src Signaling Complex by Sema3B Distinguishes Attractive and Repulsive Condition
To obtain insight into the mechanisms by which Sema3B exerts dual guidance effects for the AC, we searched for signaling pathways differently activated under repulsion or attraction. Our approach consisted of stimulating anterior and posterior tissue collected from neonatal brain with Sema3B-AP or AP for 5 min, followed by Western blot analysis. We first focused on MAPK activation, as it was shown to be required for axon responses to other class III semaphorins (Atwal et al., 2003; Campbell and Holt, 2003) . Western blot analysis revealed that Sema3B induced Erk1/2 phosphorylation, but this activation was detected in both anterior and posterior stimulated tissue (see Figure S1 in the Supplemental Data available online). Similarly, in dissociated neuronal cultures, Sema3B induced Erk1/2 phosphorylation in anterior and posterior neurons ( Figure  S1 ). Thus, even though likely involved in semaphorin action generally, MAPK activation was not correlated to one or the other response to Sema3B.
We then reasoned that Sema3B could mediate attraction through activation of signaling cascades common to other attractants or growth-promoting factors. We thus focused on kinases of the FAK and Src family, shown to be key mediators of ephrin and netrin functions ( neurons, whereas it had a predominantly cytoplasmic localization in stimulated posterior neurons and controls of both populations ( Figure 8A) . Analysis of the profiles of pFAK labeling across neuronal soma also showed that predominant membrane localization of pFAK was exclusive to the attractive condition ( Figure 8B ). pFAK labeling in the growth cone structures was also reinforced in the attractive condition, compared to control. In contrast, it was compacted in the posterior condition, due to the collapsing effect of the cue ( Figure 8C ). This suggested either that Sema3B induced phosphorylation of a membrane pool of FAK in anterior but not posterior neurons or that it induced relocalization of the FAK protein from the cytoplasm to the membrane. To distinguish between these two models, the distribution of FAK was examined with an antibody recognizing all forms of the kinase. The pattern of labeling was similar to that of pFAK ( Figure 8D ), indicating that Sema3B induced FAK relocalization at the cell membrane in the attractive (anterior neurons) but not repulsive condition (posterior neurons). We also observed that Sema3F induced no membrane relocalization of FAK in anterior neurons (data not shown). Therefore, these findings strongly suggest that FAK recruitment is specific to neurons with attractive responses. 
Src Kinase Inhibition Converts Attractive Response to Sema3B into Repulsion
Discussion
We have demonstrated, by using explant cultures and in knockout mice, that selective chemoattractive and chemorepulsive activities of Sema3B contribute to positioning the ACa and ACp, respectively. We also identified the IgCAM superfamily member NrCAM as a novel coreceptor of Nrp2 for Sema3B and Sema3F guidance activities. Finally, we provided insights into the mechanisms underlying the bifunctional activity of secreted semaphorins. 
Sema3B and Sema3F Display Specific and Not Redundant Guidance Activities
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